Under oxidative stress, poly(ADP-ribose) polymerase-1 (PARP-1) is activated and contributes to necrotic cell death through ATP depletion. On the other hand, oxidative stress is known to stimulate autophagy, and autophagy may act as either a cell death or cell survival mechanism. This study aims to explore the regulatory role of PARP-1 in oxidative stress-mediated autophagy and necrotic cell death. Here, we first show that hydrogen peroxide (H 2 O 2 ) induces necrotic cell death in BaxÀ/À BakÀ/À mouse embryonic fibroblasts through a mechanism involving PARP-1 activation and ATP depletion. Next, we provide evidence that autophagy is activated in cells exposed to H 2 O 2 . More importantly, we identify a novel autophagy signaling mechanism linking PARP-1 to the serine/threonine protein kinase LKB1-AMP-activated protein kinase (AMPK)-mammalian target of rapamycin (mTOR) pathway, leading to stimulation of autophagy. Finally, we demonstrate that autophagy plays a cytoprotective role in H 2 O 2 -induced necrotic cell death, as suppression of autophagy by knockdown of autophagy-related gene ATG5 or ATG7 greatly sensitizes H 2 O 2 -induced cell death. Taken together, these findings demonstrate a novel function of PARP-1: promotion of autophagy through the LKB1-AMPK-mTOR pathway to enhance cell survival in cells under oxidative stress. Oxidative stress refers to a status of cellular redox imbalance caused by an overabundance of reactive oxygen species (ROS) and/or a decline in antioxidant ability.
Oxidative stress refers to a status of cellular redox imbalance caused by an overabundance of reactive oxygen species (ROS) and/or a decline in antioxidant ability. 1 Oxidative stress and ROS are known to be implicated in a number of physiological and pathological processes, leading to various biological consequences including cell death (either apoptotic or non-apoptotic/necrotic cell death). 2 In comparison with ROS-mediated apoptosis, the molecular mechanisms underlying ROS-mediated non-apoptotic/necrotic cell death have not been well elucidated. Poly(ADP-ribose) polymerase-1 (PARP-1) is the founding member of the PARP family, a group of nuclear enzymes that play a critical role in DNA damage repair through poly(ADP-ribosyl)ation. 3 It is known that poly(ADP-ribosyl)ation is an energetically expensive process, causing rapid depletion of cellular b-nicotinamide adenine dinucleotide (NAD þ ), failure in ATP production, and eventually necrotic cell death. 3, 4 In cells under oxidative stress, PARP-1 activation has been well established as a key mechanism in necrotic cell death. [4] [5] [6] Autophagy is a highly conserved self-eating process, in which intracellular membrane structures engulfed a portion of cytoplasm and organelles for lysosomal degradation. 7 Autophagy has been reported to have its fundamental roles in cellular homeostasis, and exert as either a survival-prone or cell death-prone mechanism in different physiological and pathological conditions. 8 Under many scenarios, such as nutrient depletion and metabolic stress, autophagy is induced to produce metabolic substrates that meet the bioenergetic needs of cells and to prevent cell death. 9, 10 On the other hand, autophagy has been suggested to be a cell death mechanism, leading to autophagic cell death or type II programmed cell death. 11 For instance, some DNA damage agents, such as etoposide (ETO), induced non-apoptotic cell death dependent on autophagy genes in cells lacking Bax and Bak expression. 12 At present, there is accumulating evidence suggesting the involvement of autophagy in the physiological and pathological responses to oxidative stress. 13 For instance, repression of autophagic pathways was observed to be concurrent with the accumulation of oxidized proteins in age-related disorders, such as Alzheimer's disease. 14 Currently there are two important issues remain unresolved. First, the signaling pathway linking oxidative stress and autophagy is yet to be fully elucidated. An earlier study provided evidence that ROS contributes to starvation-induced autophagy through direct oxidation of autophagy-related gene (ATG) 4. 15 It remains to be determined whether and how ROS affect the autophagy regulatory mechanism upstream of ATGs. Second, the role of autophagy in cellular response to oxidative stress is found to be controversial. ROS has been reported to induce autophagy, which contributes to caspase-independent cell death in a variety of cell types including macrophage, HEK293, U87 and HeLa cells. 16, 17 On the other hand, a number of other studies demonstrated a protective role of autophagy against ROS-mediated necrosis. Recent work in our laboratory has demonstrated that autophagy serves as a cell survival mechanism in zVAD-induced necrotic cell death, 18 a process involving ROS and oxidative stress. 19 Moreover, ROS are found to promote survival-prone autophagy under several stress conditions, including starvation and ischemia/reperfusion. 15, 20 Therefore, in this study, we aim to further explore the signaling pathway linking oxidative stress and autophagy and the functional role of autophagy in ROS-induced necrotic cell death in Bax/Bak double-knockout (BaxÀ/À BakÀ/À) mouse embryonic fibroblasts (MEFs), a well-established model to study necrotic cell death. 21 Here, we identify a novel function of PARP-1 in regulation of autophagy through activation of serine/threonine protein kinase LKB1 and AMP-activated protein kinase (AMPK) and subsequent suppression of mammalian target of rapamycin (mTOR), and such autophagy serves as a cell survival mechanism to counteract ROSmediated necrosis. Understanding the novel function of PARP-1 in regulation of autophagy helps to dissect the complex relationship among oxidative stress, autophagy and cell death. (Figure 1b) . zVAD, a pan-caspase inhibitor, failed to block H 2 O 2 -indcued cell death (Figure 1c) , while completely blocked TNFa-induced PARP cleavage (Figure 1b ). These findings indicate that H 2 O 2 induces caspase-independent necrotic cell death BaxÀ/À BakÀ/À MEFs. Similar results were also observed using wild-type MEFs (wt MEFs) (Supplementary Figure 1a and b) , which are consistent with our previous report. 22 PARP-1 activation contributes to H 2 O 2 -induced cell death. Poly(ADP-ribose) polymerase-1 is readily activated in response to DNA damage and well associated with necrotic cell death. 3 As shown in Figure 2a , a strong formation of poly (ADP-ribose) (PAR) polymer, a direct result of PARP-1 activation, was detected as early as 10 min after H 2 O 2 exposure. Intracellular ATP level was also decreased dramatically after H 2 O 2 treatment (Figure 2b to dissect the autophagosome maturation process. 18, 24 As shown in Figure 3b , at the later stage of H 2 O 2 treatment (1 and 2 h) there was significant reduction of punctuated GFP fluorescence in some autophagosomes, while the mRFP signal was largely unaffected, suggesting the completion of autophagosome maturation and lysosomal degradation. Moreover, as shown in Figure 3c , the reduction of the GFP fluorescence was blocked when cells were pretreated with chloroquine (CQ), a well-known lysosomal enzyme inhibitor. Taken together with the data in Figure 3a , it is believed that H 2 O 2 induces a functional autophagy in BaxÀ/À BakÀ/À MEFs. H 2 O 2 induces AMPK activation, suppression of mTOR signaling and induction of autophagy. At present, the signaling pathway controlling ROS-mediated autophagy has not been fully understood. mTOR signaling pathway senses diverse signals from nutrients, growth factors and energy status and regulate many essential biological processes, including autophagy. 25 One of the major upstream regulators of mTOR is AMPK, a critical energy sensor that can interface with various signaling molecules. 26 Here we first examined the effect of H 2 O 2 on AMPK activation. As shown in Figure 5a , H 2 O 2 treatment caused a rapid and significant increase of AMPK phosphorylation at Thr-172. It is known that AMPK activates tuberous sclerosis complex 2 (TSC2) and subsequently inhibits mTOR function. 27 In this study, Next, to address whether AMPK activation plays an critical role in H 2 O 2 -induced autophagy, we measured the effect of AMPK suppression on H 2 O 2 -induced autophagy by using the following approaches: (i) treating cells with compound C, a specific AMPK inhibitor, 28 and (ii) AMPK knockdown. Compound C significantly suppressed H 2 O 2 -induced activation of AMPK and restored the phosphorylation of p70S6K and 4EBP1. As a result, the LC3-I to LC3-II conversion induced by H 2 O 2 was also blocked by compound C treatment (Figure 5b) . Consistently, AMPK knockdown remarkably reduced endogenous expression of AMPK and reversed the inhibitory effect of H 2 O 2 on p70S6K and 4EBP1 phosphorylation, and subsequently suppressed the LC3-I to LC3-II conversion (Figure 5c ). Compound C pretreatment also markedly inhibited H 2 O 2 -induced autophagosome formation indicated by the punctuated distribution of GFP-mRFP-LC3 (Figure 5d ). It is thus believed that AMPK plays a critical role in H 2 O 2 -induced autophagy, most probably by suppression of mTOR.
Results

PARP-1 activation contributes to H
The serine/threonine protein kinase LKB1 has been identified as the key upstream kinase of AMPK in mammalian cells in response to altered ATP/AMP ratio. 29 Thus, we asked whether LKB1 is involved in H 2 O 2 -induced AMPK activation and subsequent autophagy induction. Here we observed that LKB1 knockdown greatly attenuated H 2 O 2 -induced AMPK activation, mTOR suppression and subsequent LC3-I to LC3-II conversion, while showing no effect on PAR formation (Figure 5e ). Such data clearly suggest the involvement of LKB1 in H 2 O 2 -induced AMPK activation and autophagy induction downstream of PARP-1.
PARP-1 activation contributes to the activation of AMPK and subsequent induction of autophagy. Mammalian AMPK is sensitive to the cellular AMP/ATP ratio and is activated by metabolic stresses that inhibit ATP production or those that stimulate ATP consumption. 30 Meanwhile, ROS has been reported to induce ATP depletion following excessive activation of PARP-1.
4,6 Thus, we hypothesize that in cells treated with H 2 O 2 , PARP-1 activation leads to a series of sequential events, including ATP depletion, AMPK activation, suppression of mTOR function and induction of autophagy. Here we first observed that suppression of PARP-1 function by 3AB or PARP-1 knockdown markedly blocked H 2 O 2 -induced AMPK activation, restored the phosphorylation of p70S6K and 4EBP1, and subsequently inhibited LC3-I to LC3-II conversion (Figure 6a and b) . Interestingly, suppression of AMPK activation using the chemical inhibitor, compound C, or AMPK knockdown had no obvious effect on PAR formation (Figure 6c and d) . Moreover, MP pretreatment led to restoration of ATP level (Supplementary Figure 2a) , attenuation of H 2 O 2 -induced AMPK activation, mTOR suppression and subsequent LC3-I to LC3-II conversion (Supplementary Figure 2c) . Taken together, it is clear that H 2 O 2 -induced PARP-1 activation leads to dramatic ATP depletion, which is responsible for the subsequent AMPK activation and autophagy induction.
Autophagy serves as a cell survival mechanism to protect against H 2 O 2 -induced necrotic cell death. In this study, we attempted to determine the role of autophagy in H 2 O 2 -induced necrotic cell death in BaxÀ/À BakÀ/À MEFs through modulation of autophagy. First, autophagy was blocked by knockdown of ATG5 and ATG7, two key ATGs involved in autophagosome elongation stage. LC3-I to LC3-II conversion induced by H 2 O 2 was markedly blocked by the knockdown of ATG5 or ATG7 (Figure 7a) . Consistently, the knockdown of ATG5 or ATG7 almost completely abolished H 2 O 2 -induced punctuated distribution of GFP-mRFP-LC3 (Figure 7b) . It is interesting to note that knockdown of ATG5 or ATG7 significantly sensitized H 2 O 2 -induced cell death, while mitigated ETO-mediated cell death (Figure 7c ). It thus suggests that autophagy plays a protective role in H 2 O 2 -induced cell death, while ETOinduced cell death is likely to be autophagy-dependent, being consistent with the previous report. 12 Second, we examined the effect of LKB1 and AMPK suppression on H 2 O 2 -induced cell death. As shown in Figure 8a , knockdown of LKB1 greatly sensitized H 2 O 2 -induced cell death. Consistently, suppression of AMPK activation by compound C or AMPK knockdown markedly enhanced H 2 O 2 -induced cell death (Figure 8b and c). As these approaches are known to block H 2 O 2 -induced autophagy (Figure 5b , c and e), such findings further strengthen the notion that autophagy plays a prosurvival function in H 2 O 2 -induced cell death. Lastly, we analyzed the effect of autophagy induction on H 2 O 2 -induced cell death. Rapamycin has been well established as an autophagy inducer through its specific inhibitory effect on mTOR. 31 As shown in Figure 8d , treatment with rapamycin almost completely blocked mTOR function demonstrated by the reduction of the phosphorylation level of p70S6K and 4EBP1 and promoted LC3-I to LC3-II conversion. As expected, rapamycin treatment protected cell death induced by H 2 O 2 effectively (Figure 8e ). Taken together, these results indicate that autophagy acts as a cell survival mechanism in H 2 O 2 -induced cell death.
Discussion
In this study we identify a novel function of PARP-1 in mediating H 2 O 2 -induced autophagy through the AMPKmTOR pathway, and such autophagy plays a prosurvival function in ROS-induced necrosis. As PARP-1 has been well established in oxidative stress-mediated necrosis through ATP depletion, 4 it appears that PARP-1 is able to elicit dual pathways with opposite functions in response to oxidative stress, as illustrated in Figure 8f . The decision of live or death is depending on the balance between autophagy and necrosis mediated by these two distinct pathways.
Oxidative DNA damage includes modifications to bases and the sugar phosphates, as well as single-or double-strand DNA breaks. 32 Such damage leads to PARP-1 activation, intracellular NAD þ depletion, suppression of ATP production and finally cell death, especially necrotic cell death. 4 Furthermore, overactivation of PARP-1 produces large quantities of PAR polymers, leading to the translocation of apoptosis-inducing factor from mitochondria to the nucleus, where it causes chromatin condensation and DNA fragmentation and subsequent programmed necrotic cell death independent of the caspase cascade. 5, 33 Currently, there is little understanding regarding the involvement of PARP-1 activation in autophagy, although one earlier study reported that the formation of autophagic bodies in macrophages occurs downstream of PARP-1 activation. 16 In this regard, results from this study expand the functional scope of PARP-1 by revealing a novel signaling pathway linking PARP-1 to autophagy through activation of LKB1-AMPK and subsequent suppression of mTOR function.
The AMPK is known to work as a fuel gauge and as a master switch in regulating glucose and lipid metabolism. 26, 30 Despite of the initial controversy, the emerging evidence has clearly supported the notion that AMPK is a critical regulatory molecule in promoting autophagy in mammalian cells. 34 At present, the upstream regulatory mechanisms controlling AMPK activation are poorly understood. LKB1 has been identified as the key upstream kinase of AMPK in mammalian cells in response to altered ATP/AMP ratio. 29 In addition, AMP has been proposed to contribute to the activation of AMPK by direct allosteric activation and by protecting Thr172 from dephosphorylation. 35 In this study, we demonstrate that PARP-1 acts upstream of AMPK through ATP depletion and Figure 5 continued
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On the other hand, it has been described that AMPK activation mediates the activation of TSC1 and 2, and the subsequent inhibition of GTP-binding protein Ras homolog enriched in brain (Rheb), and eventually the suppression of mTOR function. 25, 27 A very recent study revealed that AMPK inhibition of mTOR function can be reinforced through phosphorylation of the essential mTORC1 subunit, raptor. 37 As mTOR has been well established as a key negative regulator for autophagy, it is reasonable to postulate that in cells under oxidative stress AMPK activation leads to autophagy through suppression of mTOR function. Such a notion is supported by the effect of rapamycin on H 2 O 2 -induced LC3-I to II conversion (Figure 8d ) and cell death (Figure 8e ), although currently we do not have any genetic evidence to establish the role of mTOR in H 2 O 2 -induced autophagy. Interestingly, similar mechanisms were also found when U2OS cells were treated with avicin D, a plant triterpenoid for induction of autophagy as a cell death mechanism. 38 It is believed that understanding of the signaling pathway of PARP-1-LKB1-AMPK-mTOR-autophagy provides directions for the development of new therapeutic strategies for human diseases such as cancer. In fact, activation of LKB1-AMPK pathway has been found to delay the tumorigenesis process in PTEN heterozygous mice. 39 Similarly, targeting mTOR pathway through activation of AMPK has been considered as an additional therapeutic strategy for breast cancer intervention. 40 After establishing the signaling pathway in ROS-mediated autophagy, we then examined the functional role of autophagy in ROS-mediated necrosis. Data from this study clearly suggest that autophagy is a cell survival mechanism in H 2 O 2 -induced cell death, based on the observations that suppression of autophagy by knockdown of ATGs sensitized, whereas activation of autophagy by rapamycin protected H 2 O 2 -induced cell death (Figures 7 and 8) . Our data are found to be consistent with the earlier report that ROS-mediated the prosurvival autophagy during starvation. 15 At present, there is growing understanding that autophagy is a protective mechanism under stress conditions, especially with evidence from a series of in vivo studies in which autophagy is found to inhibit necrotic cell death of cancer cells under metabolic stress. 41, 42 On the other hand, a number of earlier studies have demonstrated that autophagy serves as a cell killing mechanism in ROS-mediated caspase-independent cell death. 16, 17 Such a discrepancy in the literature is likely due to the different cell systems used or even different interpretation of the data. For example, we have recently unraveled that autophagy serves as a cell survival mechanism in zVADinduced necrotic cell death in mouse fibrosarcoma L929 cells, 18 thus directly challenged the earlier notion that zVAD induces autophagic cell death in the same system. 43 Therefore, we should excise cautions in defining the role of autophagy in cell death, particularly in necrosis.
One intriguing finding of this study is that suppression of autophagy by ATG5 and ATG7 knockdown blocked the cell death induced by ETO, in contrast to the effect on H 2 O 2 -induced cell death (Figure 7c ). This is in fact consistent with the previous report that ETO-induced cell death in BaxÀ/À BakÀ/À MEFs is autophagy-dependent. 12 At present, the underlying mechanism contributing to the different role of autophagy in H 2 O 2 and ETO-induced cell death remains elusive. One possibility is that, although both H 2 O 2 and ETO cause DNA damage, they engage PARP-1 activation in a different pattern: H 2 O 2 -induced PARP-1 activation is fast and strong (Figure 2a) , whereas ETO only induced mild PARP-1 activation (data not shown). Consequently, there is evident ATP depletion and AMPK activation in H 2 O 2 -treated cells (Figures 2 and 5 ), but not in cells treated with ETO (data not shown). Interestingly, the effects of H 2 O 2 found in this study are strikingly similar to that of DNA alkylating agents. First, these DNA alkylating agents such as N-methyl-N 0 -nitro-Nnitrosoguanidine are known to induce necrosis through activation of PARP-1. 21, 44 Second, autophagy acts as a survival mechanisms in cells treated with DNA alkylating agents, based on observations that suppression of autophagy by CQ or ATG5 knockdown enhanced tumor cell death in animals treated with the DNA alkylating drug. 45 Thus, we speculate that different forms of DNA damage induced by distinct groups of DNA damage agents would engage autophagy differently, depending on the status of PARP-1 activation. Future work towards this direction will certainly yield valuable information in understanding the role of autophagy in response to DNA damage and in development of effective cancer therapeutic strategy through modulation of autophagy.
In summary, we demonstrate a novel function of PARP-1 in regulation of oxidative stress-induced autophagy through the LKB1-AMPK-mTOR signaling pathway and such autophagy serves as a cell survival mechanism against ROS-mediated necrosis. These findings are believed to bear important implications for understanding the complex relationship among oxidative stress, autophagy and cell death. Reagents. Hydrogen peroxide, 3AB, ETO, rapamycin, cycloheximide (CHX), MP, PI, ATP detection kit and anti-tubulin antibody were purchased from Sigma (St. Louis, MO, USA). The specific AMPK inhibitor compound C was from Calbiochem (San Diego, CA, USA). Pan-caspase inhibitor z-VAD-FMK was purchased from BioMol (Plymouth meeting, PA, USA). Antibodies against phosphop70S6K, phospho-AMPK, phospho-4EBP1 were purchased from Cell Signaling (Beverly, MA, USA); anti-PARP-1 and anti-PAR antibody were from BD Pharmingen (Los Angeles, CA, USA). Antibody against LC3 was purchased from Abgent (San Diego, CA, USA). Mouse recombinant TNF-a was obtained from R&D (Minneapolis, MN, USA). Mouse AMPKa siRNA was purchased from Santa Cruz (Santa Cruz, CA, USA). Mouse PARP, LKB1, Atg5 and Atg7 siRNA were from Dharmacon Inc. (Lafayette, CO, USA). The GFP-mRFP-LC3 plasmid was kindly provided by Dr. T Yoshimori (Osaka Uniersity, Japan).
Detection of cell death. Cell death was determined using the live cell PI exclusion test coupled with flow cytometry. In brief, cells were trypsinized at the end of the experiments. Cells were washed once with phosphate buffer saline (PBS) and Western blotting. After designated treatment, cells were collected and washed once in PBS. Cell pellets were lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EGTA, 1 mM PMSF, 1 mM Na 3 VO 4 , 1 mM NaF) with protease inhibitor cocktail (Roche). Aliquots of the lysates were subjected to SDS-PAGE and transferred to polyvinylidene-fluoride membrane (Bio-Rad). The membrane was probed with primary antibody followed by second antibody and visualized using the SuperSignal s West Dura kit (Pierce, Rockford, IL, USA), according to the manufacturer's protocol. Quantification results for the western blot were obtained using Kodak 1D 3.5 Software. The mean values indicated in the figures were from three independent experiments, as the fold of change over the control.
ATP measurement. Intracellular ATP was extracted from cells in the exponential phase of growth and measured by the luciferin/luciferase method using a bioluminescent somatic cell assay kit (Sigma), in accordance with the manufacturer's protocol. In brief, at the end of experiments, cells were collected using ice-cold cell dissociation solution (Sigma) and resuspended in ice-cold PBS (pH ¼ 7.8). Cells were incubated with freshly prepared ATP assay mix and ATP releasing reagent and subjected to bioluminescent detection. The ATP level was presented as percentage to the untreated control group.
Transient siRNA transfection. Cells were transfected with 100 nM Atg5, Atg7, Beclin, PARP, AMPKa and a non-targeting siRNA control using DharmaFECTt 4 siRNA Transfection Reagent (Dharmacon) according to the supplier's protocol. After 72 h of transfection, cells were treated as designated.
Transient transfection and confocal microscopy analysis. Cells (1 Â 10 6 ) were transfected with 1 mg of the GFP-mRFP-LC3 expression plasmid using the Amaxa electroporation system, according to the supplier's protocol (kit V, program U-20). After 24 h, cells were treated as designated. The transfected cells were observed using a confocal microscope (Olympus Fluoview 2000) .
Statistics. The results obtained from each experiment are expressed as mean±standard deviation (S.D.) of triplicates. The significance level was set at Po0.05 for each analysis using student's t-test. 
